The vibration and noise caused by pressure pulsation, referred to as fluid-borne vibration or fluid-borne noise, are some of the most detrimental problems in hydraulic systems. A Helmholtz silencer with multiple degrees of freedom was proposed to attenuate several harmonic frequencies generated in the hydraulic systems. The silencer consists of a cylindrical vessel with several chokes inside the vessel. The final goal of this research project is the development of a multiple-degree-of-freedom type of Helmholtz silencer that can be applied to hydraulic pump systems operated at different speeds. The aim of this report is to establish the design criteria of the silencer specifications. In particular, the effects of the diameter and length of the choke and the cylindrical volume on attenuation performance were analytically and experimentally investigated.
Introduction
A positive displacement pump generates flow pulsation that interacts with a hydraulic circuit to produce pressure pulsation. Pressure pulsation is usually the primary noise source in hydraulic circuits because it is very easily transmitted throughout the entire system and excites mechanical parts that generate audible noise. The pressure pulsation is a periodic function of time and its frequency characteristics are composed of a fundamental frequency and higher harmonics. The amplitudes of the first, second, and third harmonics are often dominant components in pressure pulsation. Therefore, attenuating the amplitude of these harmonics is an effective way to reduce the system noise. The Helmholtz type silencer is a classic device for attenuating oscillations such as audible noise; it is also utilized in hydraulic systems to attenuate the pressure pulsation (1) . A distinctive attenuation characteristic of the Helmholtz silencer is that the effective range of attenuation frequency is narrow. Therefore, the pressure pulsation cannot be sufficiently attenuated if the pumping frequency is not within the effective attenuation range of the silencer. A hydraulic silencer, referred to as the multiple-degree-of-freedom Helmholtz silencer (MHS), has been previously developed to attenuate the amplitude of several harmonics of pressure pulsation (2) . Unlike the conventional Helmholtz hydraulic silencer, this device incorporates a feature that allows the resonance mode to be adjusted freely as desired and is a single closed-end cylindrical vessel. Because of this silencer's compactness and attenuation ability, it is Hydraulic Systems* suitable for use in hydraulic systems running at constant pump rotational speeds such as excavators and injection molding machines. However, the problems associated with narrow band attenuation characteristics remain if the hydraulic system is operated with a variable rotation speed pump. In this case, a silencer that covers a wider frequency range is desired. Consequently, the final goal of this research project is to apply the MHS to a hydraulic system operated under variable pump speed conditions. This will be achieved by adding a variable resonance mechanism to the silencer. In order to design a silencer that attains the desired resonance mode in practice, the design criteria are indispensable in the determination of appropriate silencer dimensions. In a previous research, the MHS was modeled using a distributed parameter model and all dimensions were determined using the numerical optimum design method (2) . Hence, the design parameters could not be estimated in advance. For a MHS with variable resonant ability, the computation cost of the numerical optimum design method will become enormous unless some dimensions are constrained to decrease the design variables of the numerical calculation. Therefore, this paper discusses correlations between the silencer dimensions and attenuation characteristics in order to obtain the design criteria for the MHS with variable resonant ability. The lumped parameter models for both multiple-degree-of-freedom and conventional types are described and used for the design parametric study. In the past, many studies have attempted to clarify the attenuation characteristics of the conventional Helmholtz silencer for both the lumped and distributed parameter models (3) - (8) . In these researches, the influence of geometry on the resonant frequency has been already well discussed. However, most of them were for the acoustic noise attenuator that can disregard the viscosity effect of fluid. The property of hydraulic oil was also different from that of air. Besides, the parametric study for the peak value of transmission loss was not examined yet. This paper focuses on acquiring knowledge about the relationship between the silencer dimensions and attenuation performance with respect to the resonant frequency and transmission loss. This knowledge is applied to the initial design of the MHS with variable resonant ability. In addition to the theoretical parametric study, experimental work is conducted to verify the calculated results. Finally, a prototype design of a three-degree-of-freedom Helmholtz silencer (3HS) is described to evaluate the feasibility of variable resonant ability. Figure 1 illustrates the structure of the MHS. Several chokes are inserted into a closed cylindrical vessel, dividing the vessel into several cylindrical volumes. Figure 2 illustrates the physical model of this type of silencer. The fluid in each choke acts as a mass because of the inertial effect of the fluid, and each divided cylindrical volume acts as a spring because of the capacitive effects of the fluid. The viscous friction in each choke provides a dashpot effect. For Fig.1 , the resonance phenomena of a three-degree-of-freedom system, which is based on the three spring-mass system with a common base shown in Fig.2 , are utilized for the attenuation of pressure pulsation. The resonant frequencies of the 3HS can be freely tuned by appropriately adjusting the length and diameter of each choke and associated cylindrical volume. Vol. 8, No. 3, 2013 Journal of Fluid Science and Technology
Nomenclature

Structure and Fundamental Principles
Lumped Parameter Model of Three-Degree-of-Freedom Helmholtz Silencer
Helmholtz silencer utilizes the resonant phenomena to attenuate the pressure pulsation in hydraulic circuits. Therefore, the maximum attenuation performance is achieved only at the resonant frequency and its attenuation performance will fall sharply if the frequency is apart from the resonant frequency. Helmholtz silencer is generally analyzed by the distributed parameter model and the lumped parameter model which are based on the dynamic characteristics of fluid lines (9) - (11) . The distributed parameter model can model the resonance phenomena of the Helmholtz silencer more precisely than the lumped parameter model. Consequently, the distributed parameter model has to be used to design the MHS (2) , (3) . However, at the initial design stage of the MHS, the distributed parameter model, which is described in Appendix A, is not able to estimate the silencer dimensions in advance because the equation is complex. Thus, the lumped parameter model has an advantage that the model equation generally includes the comprehensible relationship between the silencer dimensions and attenuation performance. For this reason, it is worth examining the lumped parameter model for the MHS in this chapter.
The attenuation performance of the silencer is evaluated using the resonant frequency f n and transmission loss TL. Transmission loss is an inherent measure of the attenuation performance of a hydraulic silencer under the anechoic termination condition; it is defined as the ratio of the incident and transmitted pulsation wave energy of the silencer and is given by the following equation (12) . 
where s is a Laplace operator, c is the speed of sound, and d 0 is the diameter of the main line. The complex coefficient for the unsteady viscous friction effect (s) is expressed by (13) 
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where ν is the kinematic viscosity of the oil. In Eq.
(1), Z h is the entrance impedance of the silencer, which is the ratio of the pressure pulsation to flow pulsation through the first choke (P 1 /Q 1 ). In order to obtain the attenuation performance of the silencer from Eq.(1), the entrance impedance of the silencer must be determined. For the 3HS, the equation of motion for the ith choke can be expressed as follows:
where subscript i is 1 to 3, a i is the cross sectional area of the ith choke, Q is the flow pulsation, P is the pressure pulsation, ρ is the density of the oil, and μ is the viscosity of the oil. By using Laplace transform, Eq.(4) becomes
The two coefficients m i and C i are referred to as fluid inductance and fluid resistance, respectively, and are defined as follows.
The continuity equation in the ith volume considering the compressibility of the oil is given by
where V i is the ith volume, and κ is the bulk modulus of the oil. At the end of the silencer flow pulsation, Q 7 = 0. By using Laplace transform, this equation becomes
In Eq. (8), spring coefficient for the ith volume k i is defined as
From the above equations, the inverse of the entrance impedance is described as follows:
The transmission loss of the 3HS can be obtained from Eq. (1) and Eqs. (10) - (12) . As previously mentioned, the purpose of this research is to clarify the influence of each dimension on the attenuation characteristics. However, both derived lumped parameter model and distributed parameter model of the 3HS are highly complex to clarify the relationships between the dimensions, resonant frequencies, and transmission loss characteristics. Therefore, in the following section, the relationships between dimensions and attenuation characteristics are obtained using the simpler model, i.e., the lumped parameter model, for the conventional Helmholtz silencer instead of the 3HS. Figure 3 shows the structure of the conventional Helmholtz silencer. The inverse of the entrance impedance of this conventional Helmholtz silencer is given by Eq. (13) . This equation can be derived from the lumped modeling procedure in the previous section. This model includes the standard second-order lag element. K is the gain constant,  is the damping coefficient, and  n is the resonant angular frequency. These parameters are described by the following expressions.
Relationship between Dimensions and Attenuation Performance
the cylindrical volume. The resonant angular frequency  n can be rewritten as frequency:
From these equations and Eq.(1), the attenuation performance, i.e., the resonant frequency f n and peak value of transmission loss TL (at f=f n ), can be related to the design parameters as follows: Fig. 3 Structure of the conventional Helmholtz silencer
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These relationships will be very important in the initial design of the MHS. The diameter of the choke d h is an important parameter for the attenuation performance of the silencer because its order is higher than those of other parameters. Interestingly, Eq. (16) indicates that the cylindrical volume V h is independent of the transmission loss characteristics; only the dimensions of the choke, d h and l h determine the maximum attenuation performance.
Here the influence of changes in dimensions is investigated in detail to help ascertain ideal choke size and cylindrical volume for the Helmholtz silencer. The examples of dimensions used in the theoretical examinations are listed in Table 1 . First, the cylindrical volume V h is varied by changing the length of cylindrical volume L h , which is proportional to the volume change (V h =D h 2 /4×L h ). The results are also calculated using the distributed parameter model expressed in Eq.(B.1) for comparison (see Appendix B). Because the resonant frequency f n and the peak value of transmission loss cannot be calculated directly from Eq.(B.1), the frequency characteristics of transmission loss is firstly calculated as shown in Fig.8 . The resonant frequency f n and transmission loss TL at f n is searched numerically for all changing parameters from these results. The calculated results for both models are shown in Fig.4 . As expressed in Eq.(16), the cylindrical volume has no effect on the transmission loss characteristics in the lumped parameter model. It could also be said that the results of the distributed parameter model have little influence on transmission loss. The quantitative difference in transmission loss between two models is clear in Fig.4(b) . This deviation will be discussed in the next section, along with the experimental results for transmission loss. Regarding to the resonant frequency f n , the results of both models exhibit the following relationship: Fig.4(a) . These results imply that varying the cylindrical volume makes it possible to vary the resonant frequency without changing the peak value of transmission loss. Therefore, any mechanism that varies the volume is sufficient to realize a Helmholtz silencer with variable resonance. It should be noted that tuning the resonant frequency f n by varying the length of cylindrical volume L h has limitations, because the frequency f n will saturate a certain value within a practical range of volume length; the resonant frequency cannot be tuned to lower than 400 Hz by varying the length of cylindrical volume in case of Fig.4 . Therefore, other parameter would be used to set the lower limit of the resonant frequency.
Second, the length of choke l h is chosen as the parameter of study. Fig.5 illustrates the influence of changes in choke length. The most notable feature of this figure is that the relationships between the length of choke l h and both resonant frequency f n and transmission , this parameter is not appropriate for adjusting the resonant frequency f n , since the change of transmission loss is accompanied. In order to maintain the attenuation performance for all the object frequency range, the peak value of transmission loss is desired to be at a constant.
Finally, the influence of choke diameter d h is examined. Fig.6 displays the results for a quarter wavelength side branch silencer, in addition to those for the two models. The side branch resonator is a branch pipe installed in the main flow line (14) . The pressure pulsation is attenuated by utilizing the reflections of pulsation waves in the branch pipe. The fluid wave in the side branch is reflected only at the closed end of the branch, and its reflection ratio is independent of frequency. Consequently the resonant phenomenon occurs at 
The diameter of the side branch is set to the diameter of the choke d h . It can be seen from Fig.6 that this parameter is suitable for setting the lower limit of the resonant frequency f n because it can be tuned from 0 Hz. The resonant frequency of the distributed parameter model (blue line) begins to deviate from the lumped parameter model at d h =10 mm, and this deviation increases with diameter d h . It transitions from the lumped parameter model to the side-branch model. Concerning about the transmission loss TL at f n , the quantitative difference between the lumped parameter model and distributed parameter model also becomes significant by increasing the diameter of choke d h . These deviations can be explained from the fact that the Helmholtz silencer begins to act as a side-branch resonator when the diameter of the choke is close to the diameter of the cylindrical volume. Subsequently, when the diameters of the choke and cylindrical volume are the same, the attenuation characteristics reflect only those of the side-branch resonator. In practice, however, the choke diameter is rarely larger than the diameter of the cylindrical volume. The maximum diameter of the choke will equal the diameter of the main line.
Experimental Examinations
Test Helmholtz Silencer
The aim of this research is to obtain the design criteria for the 3HS that would allow it to be applied to hydraulic systems operating at variable speeds. The theoretical analysis in Section 2 clarified that the choke diameter d h is an important parameter in the design of a Helmholtz silencer with the desired attenuation performance. In this section, an experimental investigation of the attenuation characteristics of the conventional Helmholtz silencer is conducted in order to verify the theoretical relationship between the resonant frequency f n and choke diameter d h .
The dimensions of the provided Helmholtz silencer are the same as those applied in the theoretical examination in the previous section. The volume is set to V h =3.93×10 ( 1 7 ) where the open-end correction coefficient β is determined as β =8/(3π) (15) .
Experimental Apparatus
The transmission loss of hydraulic silencers described in Eq.(1) can also be calculated by the transfer matrix coefficients of the silencer. The transfer matrix has 2×2 elements that express the pressure and flow wave propagation characteristics of hydraulic components. In this paper, the experimentally obtained transfer matrix is used to identify the transmission loss of the test Helmholtz silencer. The method adopted for the measurement of the transfer matrix is described in the reference (12) ; therefore, only an outline of the experimental apparatus is presented in this study. The hydraulic test circuit and instruments necessary for Vol. 8, No. 3, 2013 Journal of Fluid Science and Technology the experimental method are depicted in Fig.7 . The input pressure pulsation is generated by a radial piston pump with 5 pistons, which produces wide band flow pulsation up to f=2000 Hz. The hydraulic circuit is arranged in accordance with the experimental method (12) . Four piezoelectric pressure transducers are equipped upstream and downstream of the test Helmholtz silencer. These transducers are mounted on the block such that their diaphragms are flush with the inner wall of the pipe. The lengths between each pressure transducer are listed in Table 2 . The average discharge pressure is set to 10 MPa by operating the loading valves. The working oil used in this test is ISO VG-32 mineral oil and the temperature is maintained at 40 °C during the measurements. Other important specifications are listed in Table 2 . 
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Experimental Results and Considerations
The experimental results for transmission loss at d h = 4, 10, 16, and 27 mm are shown in Fig.8(a) -(d) along with the calculated results for the two models; namely, the lumped parameter model and distributed parameter model. It is obvious from these figures that changing the choke diameter significantly influences the attenuation characteristics such as the resonant frequency f n and peak value of transmission loss. In Fig.8(a) , the calculated resonant frequency f n is similar for both models. The theoretical examinations in the previous section, shown in Fig.6(a) , suggested that the two models show similar attenuation characteristics when the choke diameter d h is small. Then, the disparity between the two models increases with d h . Figure 8(a) -(d) confirms that the distributed parameter model agrees well with the measured transmission loss. This is primarily because the inertial effect 
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of the cylindrical volume cannot be neglected and the lumped parameter model takes into account only the compressibility effect of the cylindrical volume. There is a difference between the peak transmission loss at the resonant frequency for the distributed parameter model and experimental results. However, this deviation appears to have little relation to the choke diameter d h and is instead due to the inaccuracy of the transmission loss model, particularly at the resonant frequency. The average ratio of the experimental result to the result from the distributed parameter model for their peak values is around 0.7.
The experimental results for the resonant frequency f n are obtained from the measured transmission loss. Figure 9 shows the influence of choke diameter d h on the resonant frequency f n ; the experimental results agree well with the distributed parameter model. If the choke diameter d h can be increased above 27 mm in the experimental study, the maximum resonant frequency f n can be predicted to be close to the attenuation frequency of the side-branch silencer, as discussed in the previous section. This increase in the choke diameter d h will be accompanied by an enlargement of the diameter of the main line.
The important findings from the experimental results for the design of a Helmholtz silencer are as follows. Because the experimental results show better agreement with the distributed parameter model than the lumped parameter model, the distributed parameter model should be used to design the Helmholtz silencer. Nevertheless, the lumped parameter model can be also utilized to approximately design the silencer because it is expressed in simple form in Eq. (16), which provides an idea of how the design parameters relate to the attenuation performance. We must take into account this particular tendency such that the resonant frequency f n converges to the attenuation frequency of the side-branch silencer as the diameter increases.
Design of Multiple-Degree-of-Freedom Helmholtz Silencer
In this section, a prototype design of a 3HS with variable resonance ability is presented. Its main feature is that the dimensions of the 3HS must be continuously changed by adding some variable resonance mechanism. The qualitative relationship expressed in Eq. (16) is utilized for the initial design of this variable-type 3HS, even though there will be a discrepancy between the resonant frequency of the 3HS and resonant frequency estimated from Eq. (16) .
The design features of the Helmholtz silencer that have been clarified are as follows. Changing the choke diameter d h only makes it possible to vary the resonant frequency f n from 0 Hz, whereas the other parameters have less of an effect on the lowest frequencies attainable. Varying the volume size, i.e., the length of volume L h , allows variation in the resonant frequency f n without changing the peak value of transmission loss. Accordingly, the length of volume is an appropriate parameter for adapting the variable mechanism in order to vary the resonant frequency f n . It is also preferable from a mechanical point of view because the mechanism for adjusting the choke diameter and length is too complex in a high-pressure hydraulic system. Therefore, the 3HS with variable resonance can be realized by employing a variable mechanism such that two choke parts with constant dimension move inside the cylindrical volume in a manner similar to the mechanism of a hydraulic cylinder.
The qualitative relationship expressed by Eq. (16) gives an idea of how choke diameters should be determined. The target attenuation frequencies are usually the fundamental, second, and third harmonic components of the pumping frequency. The 3HS has three resonant frequencies that must coincide with these harmonics. The first, second and third chokes have a significant influence on the design of third, second and fundamental frequency respectively. Therefore, the diameter of the third choke should be firstly determined by considering both fundamental frequency and desired attenuation value of Vol. 8, No. 3, 2013 Journal of Fluid Science and Technology transmission loss. In this paper, the diameters of two chokes are designed to be double and threefold of the smallest diameter. It should be noted that the length of chokes can be shorter as reducing the diameter if the desired value of transmission loss is constant. The shorter choke design will contribute to the compactness of the 3HS with variable resonant ability.
The following two characteristics represent the desired attenuation performance of the prototype design in this report.
(a) The fundamental pumping frequency varies from 125 Hz to 400 Hz. Accordingly, the desired resonant frequencies are from f r. From the above consideration based on the qualitative relationship expressed by Eq.(16), the initial design was determined as [1] the configuration of the silencer is three constant chokes and three volumes with the variable lengths, [2] the diameters of two chokes are double and threefold of the smallest diameter.
First, three constant chokes are obtained by the numerical optimum design method for the desired resonant frequency f r.1 * =250 Hz (TL(f r.1 )=15 dB). The reason why this frequency is chosen for the three constant chokes is because it is close to the central value of the objective frequencies 125 Hz to 400 Hz. When it comes to manufacture these chokes, the choke holes are generally processed by drilling and then the size of choke diameters should match the size of a drill. This means the size of choke diameters are excluded from the design variables in the numerical optimum design method. The diameter of the first choke is also constrained by the diameter of the main hydraulic line because the diameter of choke has to be smaller than the diameter of the main line due to its installation. In this research the diameters of the three chokes are set to d 1 =6 mm, d 2 =4 mm, and d 3 =2 mm, taking into account the above considerations. The diameter of the cylindrical volume is D 0 =50 mm. The design variables, objective function, and constraint condition are expressed as:
Design variables:
Objected function:
Finally, the unknown lengths of the three cylindrical volumes (L 1 , L 2 , and L 3 ) for the varying frequency range are obtained also using the numerical optimum design method. In this calculation, the design variable decreases as L 1 , L 2 , and L 3 . The ratios of transmission loss at the resonant frequency are constrained while searching the unknown lengths (as=1.0). The following equations represent the design variables, objective function, and constraint condition.
The purpose of this calculation is to search the unknown lengths so that the resonant frequency f r.i of the silencer coincides with the desired value f r.i * . For the optimum design algorithm, Powell's conjugate directions method is adopted to search for these design variables (16) Figure 10 illustrates the searched lengths of cylindrical volumes L 1 , L 2 , and L 3 for varying resonant frequencies. The numerical optimum design calculation was done at every 50Hz within the target desired resonant frequency range. The horizontal axis in Fig.10 represents the desired fundamental resonant frequency f r.1 * . The second and third resonant frequencies are double and threefold of f r.1 * . It is clear that the lengths of the three cylindrical volumes continuously vary with changes in the resonant frequency. Therefore, it is confirmed that varying the lengths of the three cylindrical volumes with three constant chokes makes it possible to achieve variable resonance at the desired frequencies. The transmission loss characteristic for the present silencer is shown in Fig.11 . The figure clearly indicates the design variables are well searched for the given constraint condition =1.0 within all the frequency range 125 Hz < f r.1 * < 400 Hz. The peak values of transmission loss at each resonance frequencies are almost constant when the lengths of cylindrical volumes are varied. As discussed before for the conventional Helmholtz silencer, the change of these lengths has also little influence on the transmission loss for the 3HS. 
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Conclusions
The final aim of this project is the development of a multiple-degree-of-freedom Helmholtz silencer that can be applied to hydraulic systems operated under variable pump speed conditions. In this study, in order to establish the design criteria of the MHS, the attenuation characteristics were theoretically and experimentally investigated with respect to the design parameters for the conventional Helmholtz silencer. The results of this study clarified the relationship between the design dimension parameters (such as the length and diameter) and transmission loss characteristics. This relationship and the knowledge obtained from the parametric study were utilized for the initial design of the 3HS with variable resonant ability. The 3HS, which satisfies the desired attenuation performance, was well designed by employing the three constant chokes and variable volumes. Therefore, it was confirmed that these information can be useful for the initial design of the MHS. In the next report, a test 3HS equipped with a variable resonant mechanism will be experimentally examined to ascertain its variable resonant attenuation characteristics and evaluate its practical performance.
Appendix
A: Distributed Parameter Model of Three-Degree-of-Freedom Helmholtz Silencer
Consider the Helmholtz silencer with three chokes shown in Fig.1 . Assuming the fluid flow in the cylindrical volume to be two-dimensional, compressible and laminar flow, the Laplace transfer matrix between the upstream and the downstream for the ith divided cylindrical volume A i can be obtained from the Navier-Stokes equation and the continuity equation considering compressibility as follows (13) . Once the transfer matrix C is obtained, the inverse of the entrance impedance can be also given by the following equation. 
